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Low-temperature transport and magnetization measurements for the antiferromagnets SrMnO3
and CaMnO3 identify an impurity band of mobile states separated by energy δ from electrons bound
in Coulombic potentials. Very weak electric fields are sufficient to excite bound electrons to the
impurity band, increasing the mobile carrier concentration by more than three orders of magnitude.
The data argue against the formation of self-trapped magnetic polarons (MPs) predicted by theory,
and rather imply that bound MPs become stable only for kBT ≪ δ.
PACS numbers: 75.47.Lx, 72.20.-i, 71.55.-i, 71.27.+a, 75.50.Ee
An electron in a magnetic solid can perturb local mo-
ments via exchange interactions between its spin and
those of the ions, forming a self-trapped or bound mag-
netic polaron (MP). Though these concepts were formu-
lated long ago [1], experimental understanding and theo-
retical development of MP physics have been limited by
the relatively small number of materials found to man-
ifest MPs. More recently, renewed interest in the MP
problem has been stimulated by studies of carrier-doped
antiferromagnetic (AF) manganites [2] and dilute mag-
netic semiconducting oxides [3]. An important emerging
issue for both classes of compounds is the energy position
of donor levels (e.g., associated with oxygen vacancies
and/or impurities) within the band gap and the contri-
bution of donor-bound charge to MP formation.
Perhaps the simplest AF systems for examining such
issues are the nominally Mn4+ compounds, CaMnO3
(CMO) and SrMnO3 (SMO) which have a bipartite (G-
type) AF ground state and are free from the complex
collective interactions of Jahn-Teller-active Mn3+ ions
that characterize more widely studied LaMnO3. They
are model systems for MP studies since the couplings
between electronic, lattice, and spin degrees of freedom
for light electron doping are known [4, 5]. Magnetiza-
tion [6] and scattering [7] studies imply the existence of
MPs in the ground state of CMO when electron doped
with La, and theory [4, 5] predicts these electrons form
self-trapped MPs, i.e. those bound solely by magnetic
exchange interactions with ionic spins. However, shal-
low impurity states associated with oxygen vacancies are
ubiquitous in oxides, and their influence on the energetics
of MP formation has received little attention.
Here we report low-temperature transport and mag-
netic studies on CMO and SMO which reveal surprising
features of the donor electronic structure that offer new
insight into MP formation in oxides. These compounds
are naturally electron doped by low levels of oxygen va-
cancies (n ∼ 1018 − 1019 cm−3) so that the conventional
picture of donor-bound electrons in small-radius states
predicts insulating behavior at low temperatures. In-
stead, we find that the low-T transport involves an impu-
rity band of mobile electronic states separated by energy
δ from electrons bound in Coulombic potentials. Very
weak electric fields (F ≤ 50 V/cm) are sufficient to ex-
cite bound electrons to the impurity band, increasing the
mobile carrier concentration by more than three orders
of magnitude. The data argue against the presence of
self-trapped MPs in these compounds and we attribute
the onset of a FM contribution to the low-T magnetiza-
tion of SMO [8] to bound MPs which become stable only
for kBT ≪ δ. The observations suggest that the tun-
able mobile carrier density characteristic of the present
compounds might be observed and exploited in related
compounds for novel studies of correlated electrons.
The synthesis procedures for the single-crystal of
CaMnO3 (CMO) and polycrystalline specimen of
SrMnO3 (SMO) are described elsewhere [6, 8, 9, 10].
The net electron densities determined from Hall mea-
surements at room temperature were nH ≡ ND −NA ≃
6× 1018 cm−3 (CMO) and 3× 1018 cm−3 (SMO). These
correspond to ≈ 10−3− 10−4 electrons per formula unit,
attributable to a very small oxygen deficiency. Compen-
sating impurities (e.g. from ppm levels in the starting
chemicals) are typical in oxides; the T = 300 K ther-
mopowers [11] of -420 µV/K (CMO) and -180 µV/K in-
dicate a greater compensation in SMO. The dc resistivity
and Hall coefficient were measured in a 9-T magnet on
6-probe specimens with silver paint contacts. Magnetic
field was applied perpendicular to the plane of plate-like
specimens in which dc currents (5 nA to 10 mA) were
applied. Both current and field reversal were employed
for Hall and magnetoresistance measurements. A ther-
mocouple attached to each specimen monitored tempera-
ture rises due to self-heating, observed only at the highest
currents employed. Magnetization measurements were
performed in a Quantum Design PPMS.
CMO and SMO are orthorhombic and cubic, respec-
tively, with [12] TN ≃ 125 and [8] 230 K. They are weakly
ferromagnetic (FM) [6, 8] at low T , with saturation mag-
netizations∼ 0.02−0.03µB/Mn ion, but the FMmoment
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FIG. 1: (Color online) ρ vs. 100/T for SMO (upper abscissa,
left ordinate) and CMO (lower abscissa, right ordinate). Each
curve was measured with a different dc current, some of which
are labeled; increases are in steps of 1, 3, 5 per decade. Dashed
lines are linear fits. Hall coefficients (open squares and dia-
monds) were measured at the lowest currents. Inverted trian-
gles are Hall data for polycrystalline CMO from Ref. 9. Inset:
σ(T ) for SMO at various currents (some omitted for clarity).
develops abruptly at T < TN for CMO and gradually [8]
at T . 80 K≪ TN for SMO. The latter behavior appears
to be associated with FM polarons [7], whereas the for-
mer may be attributed to an additional FM contribution
in CMO from Dzyaloshinsky-Moriya coupling (allowed
by symmetry). These materials exhibit band-like, large-
polaron transport with mobilities∼ 1 cm2/V s at T ≥ TN
[9, 13], which contrasts with the small polaronic charac-
ter of the paramagnetic phase of hole-doped manganites
[14].
Figure 1 shows resistivity data (in zero magnetic field),
plotted versus inverse temperature, illustrating the sen-
sitivity of the charge transport in these materials to ap-
plied current (I) at low T where impurity conduction is
predominant. Several curves for each specimen are la-
belled by values of I; successive curves represent current
increases in steps of 1, 3, 5 per decade. This phenomenon
is the central focus of this work.
The high-T resistivity has an activated form, ρ ∝
exp (∆/kBT ), with ∆ = 86 meV and 25 meV for CMO
and SMO, respectively (dashed lines, Fig. 1). The
Hall coefficients (RH) measured at the lowest currents
(squares and diamonds, Fig. 1) follow ρ(T ) in their tem-
perature variation, consistent with thermal activation of
electrons from donor levels [15] to the conduction band
and a weakly T -dependent mobility. Both ρ and RH
become weakly T dependent in the impurity conduction
regime at the lowest T , butRH does not exhibit the maxi-
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FIG. 2: (Color online) (a) Semilog plot of σ(F )/σ0 vs. F
1/2
for SMO at various temperatures. Solid lines are linear fits.
(b) Slopes, α, determined from (a) (solid circles) and from a
similar analysis of the Hall density (Fig. 4).
mum characteristic of a transition to “metallic” impurity-
band conduction. This suggests that only a small frac-
tion of bound carriers at low-T are sufficiently mobile to
contribute to RH . The conductivity (σ) extrapolates to
zero as T → 0 for the lowest current (dashed line in in-
set, Fig. 1), but σ(T → 0) for higher currents is finite,
indicating that the material is not strictly insulating.
Isothermal measurements of σ vs. applied current den-
sity (J) indicate that in the non-Ohmic regime σ scales
with the transport electric field (F ≡ ρJ) as, σ(F )/σ0 ∝
exp(α
√
F ), where σ0 ≡ σ(I = 5 nA). This is shown
for SMO in Fig. 2 (a). The temperature dependence of
the parameter α, determined from least-squares fits [solid
lines, Fig. 2 (a)], is plotted in Fig. 2 (b). This depen-
dence of σ on F is that prescribed by Poole-Frenkel field-
assisted ionization [16, 17] of carriers bound to donors,
and is discussed in more detail below. Note that α
was found to be independent of applied magnetic field
up to 9 T in spite of a modest magneto-resistivity, e.g.
∆ρ/ρ|9T ≃ −0.13 and −0.04 for I = 5 nA and 0.5 mA,
respectively, at T = 28 K for SMO. Heating of the sample
can be ruled out as the cause of the F dependence be-
cause specimen temperature was monitored directly with
a thermocouple, was limited to . 2− 3 K at the highest
current for each temperature, and was corrected for by
interpolation on the ρ(T ) curves at fixed I. Qualitatively
similar results have been observed for these same speci-
mens after annealing to vary their oxygen content, and
for polycrystalline CMO and Ca0.75Sr0.25MnO3 [11].
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FIG. 3: (Color online) Hall resistivity vs. magnetic field for
SMO at T = 28 K. Different curves are labeled by the applied
current. The solid lines are linear fits at the highest fields used
to determine the normal Hall contribution. The inset shows
the magnetization at the same temperature (solid curve) and
linear fit to the high-field data (dashed line).
The current and magnetic field dependencies of the
Hall resistivity, ρxy (Fig. 3), provide further evidence that
Poole-Frenkel ionization of trapped carriers underlies the
non-Ohmic behavior of σ. This plot shows ρxy vs. mag-
netic field for SMO at T = 28 K for several values of
the applied current. With increasing field, ρxy for each
current increases to a maximum near µ0H ∼ 3 T, and
becomes linear in field for µ0H & 5 T. This behavior
indicates a sum of (positive) anomalous and (negative)
normal Hall contributions, consistent with the magneti-
zation (inset, Fig. 3) which exhibits a small FM contribu-
tion superposed with the linear AF background. The FM
component saturates for µ0H & 5 T, and the magnetiza-
tion becomes linear in field (dashed line) in the same field
range as does ρxy. The normal Hall coefficient was de-
termined from the high-field slopes, RH = dρxy/d(µ0H)
(solid lines, Fig. 3). Both RH and the anomalous contri-
bution to ρxy (intercept of solid lines) decrease system-
atically with increasing current, signaling an increase in
the mobile carrier density.
Figure 4 shows the Hall carrier density, nH ≡ 1/(RHe),
plotted versus F 1/2 for CMO (lower abscissa, right or-
dinate) and for SMO (upper abscissa, left ordinate) at
several temperatures. The ionization rate in the Poole-
Frenkel model [16, 17] incorporates thermal activation as
well as field-induced barrier lowering. At low-T where the
majority of electrons are trapped, the Hall density should
be of the form, nH(F ) ≈ N0 exp[−(δ/kBT − α
√
F )],
where N0 is the density of neutral donors and δ is the
barrier height. The scale for barrier lowering is set by
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FIG. 4: (Color online) Semilog plots of Hall carrier density
vs. F 1/2 at different temperatures for CMO (lower abscissa,
right ordinate) and SMO (upper abscissa, left ordinate). Solid
lines are linear fits. Inset: energy band scheme implied by the
temperature and electric-field dependence of nH (see text).
α = β/kBT , where β = (Ze
3/πǫ0εr)
3/2 and εr is an ef-
fective relative dielectric constant, often taken to be the
high-frequency (optical) value. The low-T values of α de-
termined from the slopes of linear least-squares fits (solid
lines, Fig. 4) imply β ≃ 0.2 meV cm1/2/V1/2 (CMO) and
0.4 meV cm1/2/V1/2 (SMO), in reasonable accord with
the value 0.34 meV cm1/2/V1/2 (0.48 meV cm1/2/V1/2)
estimated for manganites using Z = 2 (Z=1), for singly-
(doubly-) occupied vacancies, and εr ≃ 5 [18].
A compelling feature of the nH(F ) data is that at
each temperature, nH extrapolates toward the value
nH(300 K), the latter presumably reflecting nearly full
ionization of donors to the conduction band. This im-
plies that all carriers are bound in Coulomb potentials
in the ground state, and thus argues strongly against the
existence of self-trapped magnetic polarons in this mate-
rial. The nH(F ) data for CMO show a much weaker field
effect, consistent with the smaller influence of F on the
resistivity (Fig. 1). The difference in the magnitude of
the field effect for the two compounds implies a difference
in the potential barrier for donor ionization, δ. Applying
the expression for nH above to the low-T nH data, with
N0 = ND − NA ≈ nH(300 K), yields δ ≃ 41 meV and
3.5 meV for CMO and SMO, respectively. We conclude
that electrons are not ionized to the conduction band
(requiring energy ∼ ∆), but are rather excited to a band
of more mobile impurity states responsible for the low-T
conduction, as depicted in the inset of Fig. 4.
Differing local environments, e.g. associated with va-
cancy clusters or vacancy-acceptor pairs [19], are ex-
pected to result in multiple bound-state energies. With
increasing T electrons with larger binding energies are
4promoted to the impurity band and rendered mobile in
applied field F so that the nH(F, T ) data provide for
impurity-level spectroscopy. The nH(F ) curves for SMO
at 28 K, 56 K, and 100 K imply δ ≈ 14±3meV, indicating
that there are principally two such bound-state energies
(inset, Fig. 4). The larger values of ∆ and δ for CMO
suggest an intrinsic origin (e.g. the buckled Mn-O-Mn
bond), but compensation may also play a role.
Two aspects of the data indicate a strong electric-field
dependence of the Hall mobility. A low-field increase in
the carrier density, designated ∆nH in Fig. 4 (vertical
arrows), comes to predominate in the total field effect
as T increases. We attribute it to carriers thermally ex-
cited to the impurity band where they are more loosely
bound and mobile at low fields. This field regime corre-
sponds to Ohmic behavior in σ (Fig. 2), and thus implies
µH ∝ n−1H . At higher fields within the Poole-Frenkel
ionization regime, the values of α for SMO determined
from σ(F ) are substantially lower than those determined
from nH(F ) [Fig. 2 (b)], by an amount that grows with
decreasing T at T . 60 K ≈ δ. At 4.2 K, αnH ≈ 2ασ,
implying µH ∝ n−1/2H . These observations suggest inter-
esting correlation effects in the carrier dynamics.
It is likely that transport in the impurity band in-
volves next-nearest-neighbor Mn eg orbitals given that
nearest-neighbor hopping in the G-type AF lattice is
strongly inhibited by Hund’s rule. This band may in-
volve excited impurity states since little overlap is to
be expected between bound states with a mean spac-
ing d ≈ 2[3/4π(ND − NA)]1/3 ∼ 60 − 80 A˚, and radius
. 8−10 A˚ (estimated from the donor polarizability [10]).
Though self-trapped MPs appear to be ruled out by
our data, the observation that a FM contribution to the
magnetization in SMO develops only below ∼ 80 K [8],
is consistent with bound MP formation for kBT ≪ δ. It
is plausible that MP de-trapping in electric field locally
depolarizes a number of Mn spins. The impurity-band
carrier mobility may thus be influenced by changes in
both magnetic and Coulomb interactions associated with
de-trapping.
In summary, transport measurements in G-type anti-
ferromagnetic perovskite manganites indicate the pres-
ence of a mobile band of impurity states to which elec-
trons, bound at energy δ below, are excited through
barrier-lowering in weak electric fields. The data argue
against the formation of self-trapped MPs as predicted
by theory, but are consistent with bound MPs that be-
come stable only for kBT ≪ δ. Such an impurity band,
derived from states involving oxygen vacancies, is likely
common to related oxides where similar features in the
transport might be observed. Such measurements can be
employed as a tool for impurity-level spectroscopy and
for studying correlated electrons with a tunable mobile
carrier density.
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